Abstract: A full membrane fusion model which attains both complete lipid mixing and content mixing liposomal membranes mediated by coiled-coil forming lipopeptides LPK [L-PEG 12 -(KIAALKE) 3 ] and LPE 3 ] is presented. The electrostatic effects of lipid anchored peptides on fusion efficiency was investigated. For this, the original amino acid sequence of the membrane bound LPK was varied at its 'f'-position of the helical structure, i.e. via mutating the anionic glutamate residues by either neutral serines or cationic lysines. Both CD and fluorescence measurements showed that replacing the negatively charged glutamate did not significantly alter the peptide ability to form a coiled coil, but lipid mixing and content mixing assays showed more efficient liposome-liposome fusion resulting in almost quantitative content mixing for the lysine mutated analogue (LPK K ) in conjunction with LPE. A mechanism is proposed for a fusion model triggered by membrane destabilizing effects mediated by the membrane destabilizing activety of LPK in cooperation with the electrostatic activity of LPE. This new insight may enlightens the further development of a promising nano carrier tool for biomedical applications.
Introduction
Membrane fusion is an essential fundamental vital process in all living cells facilitating inter-and intracellular molecules transportation [1] [2] [3] . One of the most important actors in membrane trafficking, so called SNARE proteins (soluble N-ethyl maleimide sensitive factor attachment protein receptors), mediate membrane fusion is being extensively studied [4] [5] [6] [7] [8] [9] [10] [11] . However, the molecular mechanism is still under debated. To trigger membrane fusion, a four-helix coiled-coil bundle forms between two membrane-bound SNARE protein subunits and a cytoplasmic SNARE protein subunit, forcing the two membranes within a distance of 2-3 nm from one another, resulting in docking of the two opposing membranes followed by lipid and content mixings [12, 13] . Inspired by this natural and highly controlled transport mechanism, supramolecular and biomaterials chemists designed synthetic targeted membrane fusion systems in order to study the mechanism of membrane fusion at a fundamental level, aiming to explore applications in the design nanocarriers for drug delivery systems. Our previously published synthetic membrane fusion system shows an effective way of inducing liposome-liposome fusion [10, [14] [15] [16] [17] [18] [19] [20] [21] . There are three key components in the design of our fusion model, including molecular recognition composed of two complimentary coiled coil forming peptides (E/K), a flexible linker (PEG) and a lipid (L) anchor (DOPE). First is the molecular recognition part, which drives the membranes of two differently LPK-and LPE-anchored liposomes into close proximity. For this we use the complementary K (KIAALKE) 3 and E (EIAALEK) 3 peptides, which were designed by Litowski and Hodges (J. Biol. Chem, 2002) to form a heterodimeric coiled coil complex [13, 22] .{Litowski, 2001 #17; #11;Litowski, 2002 #39} The second component in our design is the lipid anchor DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), that guarantees peptides anchoring into the lipid bilayer (Scheme 1). Third, the flexibility and rotational freedom of the peptides are ensured by covalent linking a PEG 12 (poly(ethylene glycol) spacer to both the membrane anchor and the N-terminal ends of the E-and K-peptides.
A driving force for the association of the two different 3-heptad peptides K and E to the hetero-dimer K/E complex is dominated by the knob-into-hole interactions between the branched hydrophobic Ile and Leu (shown at the 'a'-and 'd'-positions of the helical wheel models in Scheme 1) [19, 20, 23] . Electrostatic interactions of the Glu-and Lys-side chains at positions 'e' and 'g' also contribute to the stability. The 'b' and 'c' are occupied by alanine, which increases the propensity of the peptide to adopt an α-helical configuration [24] . This coiled coil was designed to function at neutral pH, where the side chains of all lysine residues are protonated, and hence positive charged, while the side chains of all glutamate residue residues are deprotonated and hence negatively charged.
In the original fusion model developed in the Kros group, the LPK and LPE lipo-peptides were anchored to different liposomal membranes, via PEG linkages. After mixing these two liposomes, the ability of fusion of the different membranes together could be detected by fluorescence spectroscopy. Significant membrane fusion is triggered immediately as was shown by lipid mixing end vesicular content mixing experiment [25] .
Recent fluorescence-, 31 P-, 15 N-NMRand MD-spectroscopic data, however, proved asymmetric characteristics for K and E-peptides [26, 27] . The K-peptide binds to the membrane, while E-peptide remains solvent exposed. CD experiments showed contrasting data for the conformational characteristics of the peptides, the K-peptide has shown to be more α-helical than E. Fluorescence quenching experiments with lipids labelled at different positions indicate that the amphipathic K-molecule partly inserts into the membrane with the long helix axis cantered at a distance of 17-19 Å from the bilayer centre. According to NMR, the K-peptide binds parallel to the surface of the membrane and the binding is accompanied by a perturbation of the lipid head group region of the membrane at the peptide binding site. Moreover, a positive curvature as well as a reorganized membrane composition was suggested. The ability of K-peptide, inducing membrane curvature and a locally PE 3 ]. Liposomes (not at scale) are decorated with membrane tethered lipo-peptides, LPK (DOPE-Peg 12 -K) in blue or LPE (DOPE-Peg 12 -E) in red (A). Upon mixing them coiled-coil formation would bring the opposite liposomes in close (ca.2 nm) proximity (B), and finally leading to fusion with content mixing (C). The so-called helical wheel of the coiled coil K/E is represented by a top-down view (from N to C-terminus) of the hetero-dimer showing the mutual hydrophobic (Ile/Leu) and electrostatic (Lys/Glu) interactions (red broken lines) as well as the solvent exposed residues at the 'f' positions of the α-helix (D). However, recent experimental data showed more asymmetric peculiarities of the membrane tethered LPE and LPK peptides: a solvated conformational poorly characterized E-peptide and an α-helical membrane bound K-peptide. According to MD experiments the amphipathic K-peptide binds to the membrane with the side chains of the Ile and Leu residues inserted near the core of the membrane, while the negatively charged glutamates at the 'f'-positions of the K-helix remain water exposed (E). To verify this MD model, the present study was undertaken.
lipid enriched membrane composition, was supported by MD experiments. Furthermore, MD data suggest that this binding mode of K-molecules is accompanied with lipid acyl protrusions, indicating induction of unstable regions of the membrane due to a lack of cholesterol molecules.
However, so far, the essential role of the E-peptide for membrane fusion remains unclear, yet. It was also shown that activity of fusion is dependent on the lengths of the flexible PEG linkages, with an optimum defined by PEG 12 . The poorly defined conformation of the membrane E-anchored peptide was proposed to act as a 'handle' in order to attract K. Once coiled coil K/E complex is formed, it would facilitate liposome docking; destabilizing phospholipid arrangement and finally triggering membrane fusion (see Figure 1) [26, 28] . However, it could hardly achieve 100% content mixing in that model. Therefore, it is still not 'perfect' for special assignment of a drug delivery system [10, 25, 29, 30] . Tuning liposome composition does not significantly influence the efficiency of content mixing. Interestingly, the model created by the MD simulation showed a detailed picture about the binding mode for the K-peptide showing the screening of the cationic charges by lipid phosphate groups leaving the anionic glutamates at the surface (Scheme 1E). However, this model does not explain the role of the 3-fold negatively charged E-peptide, which would be unable to bind to the glutamates of the membrane, bound K molecules. Therefore, we hypothesize that a more efficient membrane fusion should be triggered by replacing the negatively charged 7 th 14 th 21 st glutamic acid of K with neutral serines (K S ) and (even better) by positively charged lysines (K K ). In order to verify our theory, we synthesized these mutants of both free and lipidated peptides accordingly. 1 mol% LPK peptide was bound on the surface of liposomal membrane, yielding LPK-liposome, and vice versa for LPE-liposome. Upon equimolar mixing of K-liposome with E-liposome in buffer (pH=7.4). The liposomes used were prepared from (DOPC/ DOPE/CH = 50: 25: 25 mol%) (DOPC is 1,2-dioleoyl-snglycero-3-phosphatidylcholine, while CH is cholesterol). Circular Dichroism (CD) spectroscopy showed that the structures of the mutants are similar the native ones. The ability of the mutants to form coiled coils is shown by CD of N-terminal acetylated peptides not influenced. CD of LPK K /LPE decorated liposomes, however, showed a rather low level of coiled coils in liposomes. Contrastingly, experiments with liposomes containing LPE with mutated LPK peptides showed a rapidly increased level of fusion as was shown by time dependent lipid mixing and content mixing experiments. This study proves our hypothesis that LPK K triggers faster and more thoroughly liposome fusion with LPE liposomes, comparing with LPK S or LPK, confirming the important electrostatic role for the cationic lysine at position 'f' of the K-helical molecule.
Materials & Methods

Materials
Peptides and lipopeptides were synthesized and purified as described previously [31] . DOPE was purchased from Lipoid AG, and cholesterol was obtained from Fluka. DOPE-NBD and DOPE-LR were obtained from Avanti Polar Lipids. All other reagents and solvents were obtained at the highest purity available from Sigma-Aldrich or BioSolve Ltd. and used without further purification. Milli-Q water with a resistance of more than 18.2 MΩ/cm was provided by a Millipore Milli-Q filtering system with filtration through a 0.22 μm Millipak filter.
Liposome Preparation
Liposome for lipid mixing and DLS measurement
Liposomes were composed of DOPC/DOPE/CH (50:25:25 mol%). Fluorescent labelled liposomes also contained 0.5 mol% LR-DOPE and NBD-DOPE. Lipid stock solutions (1 mM) were prepared in chloroform. Lipopeptide stock solutions (10 μM) were prepared in 1:1 (v/v) chloroform:methanol. Liposomes were prepared by drying appropriate volumes of the lipid and lipopeptide stock solutions in a 20 mL bottle under reduced pressure, addition of PBS buffer (pH 7.4) and sonication for ~5 minutes in a bath sonicator with the water bath at 55°C. liposome samples for DLS measurement follow the same procedure as above, but without fluorescent dyes.
Liposome for content mixing
For this assay, 1 mM 1mol % Coil-E decorated liposome was prepared, encapsulating 20 mM sulforhodamine B in pH=7.4 PBS buffer (shortname E-L RD ). E-L RD was futher purified by sephadex G-100 column manually (column length= 400 mm, diameter= 30 mm, flow rate= 1 drop s -1 ), yielding 0.1 mM with 1 mol% Coil-E decoration E RD -L. Meanwhile, 0.1 mM 1 mol % Coil-K decorated liposome was prepared as the way mentioned above (shortname K-L).
Experimental Methods
FRET-based lipid mixing experiments were conducted on a Tecan X fluorometer using a 96 well plate. The z-position was 12500 μm, and the gain was optimized according to the amount of fluorophore in the sample. Excitation and emission slits were set at 10 nm. The excitation wavelength was 460 nm, and NBD emission was monitored 535 nm. The measurements were done in room temperature. 100 μL of fluorescent and non-fluorescent liposomes were combined, and for consistent mixing the plate was shaken inside the fluorometer for 30 seconds (2mm linearly, 70 x per minute). Data was collected every 20 seconds for at least 1 hour. Using 0.5 mol% of each fluorophore in the fluorescent liposomes and mixing fluorescent and nonfluorescent liposomes in a 1:1 molar ratio the increase in NBD fluorescence is proportional to lipid mixing. The data was calibrated to show the percentage of liposomes that have undergone lipid mixing (LM(%)) by LM(%)= 100%×(I t -I 0 )/(I max -I 0 ), where I 0 is the NBD intensity of 1:1 (v/v) fluorescent liposomes: PBS, and I max is the NBD intensity of liposomes of the same concentration prepared using an equimolar mixture of fluorescent and nonfluorescent stock solutions. [15] I 0 and I max were monitored with time as they are temperature sensitive. This assay only detects fusion between the original liposomes. e.g. if two pre-fused liposomes fuse, the distance between the fluorophores does not change so the event is not detected.
For content mixing assay, the fluorescence signal of the sulforhodamine (λ em = 580 nm) was detected once upon 1:1 mixing E RD -L (100ul) with K-L (100 ul). The increase of sulforhodamine B fluorescence is due to a relief of selfquenching following by content mixing, named Ft. The F0 is 100 uL ERD-L with 100 ul PBS, and the F 100 is the fluorescence signal intensity after addition of 1% (w/v) Triton X-100 in PBS into the E RD -L+K-L well. And the content mixing is calculated by CM(%)=100%×(F t -F 0 )/(F max -F 0 ). All the data are calculated from 3 times measurements.
For either lipid mixing or content mixing, the standard deviations (σ) are calculated by the formula:
, where (x i is the fluorescence intensity from measurement, N is the number of measurement. In this study, N=3).
Circular dichroism spectra were obtained using a Jasco J-815 spectropolarimeter equipped with a peltiercontrolled thermostatic cell holder (Jasco PTC-423S). Spectra were recorded from 260 nm to 200 nm in a quartz cuvette with 5.0 mm pathlength at 25°C. Data were collected at 1.0 nm intervals with a 1 nm bandwidth and 1 s readings. Each spectrum was the average of 5 scans. The spectra had a baseline of plain liposomes in TES buffer subtracted. ), calculated from [ɵ]=(ɵ obs ×MRW)/(10×l×c), where θ obs is the observed ellipticity in millidegres, MRW is the mean residue molecular weight (i.e. the molecular weight of the peptide divided by the number of amino acid residues), l is the path length of the cuvette in cm and c is the peptide concentration in mg mL -1 [29] . A 1.0 mm quartz cuvette and a final concentration of 200 μM peptide in PBS (pH=7.4). Spectra were recorded from 250 nm to 200 nm at 25°C. Unless stated otherwise, data points were collected with a 0.5 nm interval with a 1 nm bandwidth and scan speed of 1nm per second. Each spectrum was an average of 5 scans. For analysis, each spectrum had the appropriate background spectrum (buffer or 50% TFE) subtracted.
For determination of the coiled coil thermal dissociation constant, temperature dependent CD spectra were obtained using an external temperature sensor immersed in the sample [32, 33] . The temperature was controlled with the internal sensor and measured with the external sensor. A 10 mm quartz cuvette was used, and the solutions were stirred at 900 rpm. Spectra were recorded from 250 nm to 200 nm, with data collected at 0.5 nm intervals with a 1 nm bandwidth and a scan speed of 1nm per second. The temperature range was 6°C to 96°C with a temperature gradient of 2.0°C per minute and a 60 s delay after reaching the set temperature. The spectrum of PBS at 6°C (average of 5 scans) was subtracted from each spectrum. All the thermal unfolding curves were analyzed using a two-state conformation transition model [34, 35] .
The data were analysed using a two-state unfolding model to determine the fraction folded using Eqn. (2),
Where [θ] is the observed molar ellipticity, [θ]U is the ellipticity at 222 nm of the denatured state, as determined from the plateau of the ellipticity vs. temperature curve, and [θ]F is the ellipticity at 222 nm of the folded state at that temperature as determined from a linear fit of the initial stages of the ellipticity vs. temperature curve. The fraction unfolded, F U , was calculated by Eqn. (3),
The dimer dissociation constant in the transition zone was calculated using Eqn. (4),
Pt is the total peptide concentration. By taking the derivative of the ln(K U ) vs. temperature and using this in the van't Hoff equation, Eqn. (5), the change in enthalpy associated with unfolding with temperature can be plotted:
The gradient of enthalpy vs. temperature plot ∆Cp, is the difference in heat capacity between the folded and unfolded forms, and can be used in the Gibbs-Helmholtz equation adapted to monomer-dimer equilibrium, Eqn. (6), to obtain the Gibbs free energy of unfolding as a function of temperature by least-squares fitting,
T m and H m are the temperature and enthalpy at the midpoint of the transition at which the fraction of monomeric peptide is 0.5 [15] . Ethical approval: The conducted research is not related to either human or animal use.
Results
Peptide interaction study in solution
Peptide design
To investigate whether electrostatic interactions have an effect on the K-and E-peptide mediated membrane fusion and to test the postulated role of the negatively charged glutamates at position 'f', two new sequences were synthesized with either the non-charged serine (S) or the positive charged lysine on position 'f', denoted K S and K K , respectively (see Table 1 and supplemental information, Figure S1 ). For the interpretation of the electrostatic effects on the fusion efficiency in terms of a plausible fusion mechanism, it is necessary to first show that the effects of mutations are not affecting the secondary and quaternary structures of the peptides in solution. Therefore in this study, the N-acetylated peptides, shown in Table  1 were studied by CD and fluorescence spectroscopy. [7, 15, 18, 31, 36] .
Furthermore, K (and its derivatives K K and K S ) and E were conjugated to DOPE via the flexible spacer PEG 12 at the N-terminus for the fusion studies. This design ensures the binding of these lipidated peptides in the membranes of liposomes (vide infra).
Circular Dichroism Spectroscopy: comparison between secondary and quaternary structures.
In order to investigate peptide structural peculiarities, circular dichroism spectroscopy was performed for N-acetylated peptides. The analysis of the spectra was achieved by the following criteria: 1) two negative peaks (π-π * and n-π * transitions) with minima at 208 nm and 222 nm of equal amplitudes are attributed to α-helical conformation, 2) in the case of an ellipticity ratio (Tables 2-3) are overestimated.
The present results showed that all the pure peptides adopt, to a certain degree, α-helical structures in PBS buffer, but with exceptions for E (as expected) and K S the latter due to serine's poor propensity to adopt an α-helical conformation ( Figure 1A and Table 2 ) [30] .
The spectra for the hetero pairs shown in Figure 1B Table 2 ), and can be easily assigned to the presence of coiled-coil structures. Similar spectra are shown for the K-peptide and the K-analogues paired with the E-peptide. The presence of coiled coils is confirmed by the tendency to decrease the [ɵ] 222 /[ɵ] 208 level under coiled coil-dissociating conditions. Evidently, the charge at the 'f' position of K peptides can be varied without compromising their ability to form coiled coils with E. 
Quaternary structures and thermodynamic stabilities of the coiled coil pairs.
Next, the 1:1 stoichiometry necessary to form a heterodimer was tested for K/E, K S /E and K K /E complexes by CD spectroscopy (Figure 2) . A job-plot showing the [θ] 222 as a function of the mol fraction of E peptide yields information on the binding characteristics [38, 39] . The job-plot of K (and its derivatives) and E mixtures were measured with a total peptide concentration of 200 uM and with variable mol fractions of the two peptides. For all K/E (including derivatives) coiled coil complexes studied, a minimum of [θ] 222 was always observed at an equimolar ratio of peptide K (and derivatives) and E, revealing the formation of a coiled coil complex with a 1:1 stoichiometry (Figure 2A ). At last, the stabilities of the coiled-coils were compared. As the molar ellipticity at 222 nm is directly proportional to the amount of helical structure and therefore thermal denaturation curves provide information on their folding stabilities [37, 40] . Thus the thermodynamic stability of the K/E pairs was determined by measuring the molar ellipticity at 222 nm wavelength as a function of temperature [22] . All coiled coil pairs showed a smooth cooperative transition from a α-helical coiled coil structure to a random coil conformation ( Figure 2B ). All transitions showed to be fully reversible by lowering the temperature (see supporting information Figure  S6 ). Temperature-dependent CD measurements showed that all the peptide complexes used in this study have an identical two-state transition denaturation process, dissociating from a coiled coil to random coils.
The binding parameters of the studied coiled coil heterodimers are summarized in Table 4 . Either the similarity in binding stoichiometry or the resemblance in dissociation constant of all coiled coils show that replacing the negatively charged glutamate with a neutral serine or a cationic lysine on the 'f' position in peptide K does not influence the ability to form coiled coils, while the changes in DG are minor.
Fluorescence spectroscopy: comparison of the quaternary structures
The relative peptide orientation within a coiled coil motif (i.e. parallel vs antiparallel) was investigated by fluorescence spectroscopy. For this, K (K S and K K ) were labelled with a tryptophan (W) at the C-terminus, yielding K' (K S or K K ', see Table 5 and supplemental information Figure S2 ). In addition, Tyrosine (Y) was added to the C-terminus of E, giving E'. Glycine (G) was added in between aromatic amino acid (W and Y) and the original 222 for an α-helical peptide of n residues times 100. The predicted α-helicity is calculated from [ɵ] 222 = -40000×(1-4.6/n) [37] . PBS buffer pH=7.4.
peptide sequence to avoid significant structure. [29] The relative orientation of the two peptides within a coiled coil complex was confirmed by a fluorescence resonance energy transfer (FRET) between the donor Y on E', and the acceptor (W) on K' (including its derivatives). Both fluorophores are at the C-termini of the peptides, and the Förster distance (R 0 ≈ 1 nm) is shorter than the length of the peptides in a α-helical fashion (~ 3-4 nm) (see supplemental information Figure S5-1) , which stringently ensures that FRET can only occur when the peptides are assembled with a parallel orientation, not when an antiparallel orientation is adopted [29, 41] . Figure 3 shows the emission spectra (excitation at 275 nm) of peptides K' (and its derivatives) and E', K'/E' (including its derivatives) in PBS and in 1:1 PBS: TFE solution. An equimolar mixture of Coil-K' and Coil-E' results in an increased fluorescence signal of acceptor W and a decreased fluorescence signal of donor Y due to fluorescence resonance energy transfer (FRET), thus indicating a parallel coiled coil orientation for K'/E' ( Figure 3A) . In the presence of 50% TFE, the energy transfer is lost due to the dissociation of coiled coil complex. Consistently, K S '/E and K K '/E also showed a parallel coiled coil orientation ( Figure 3B, C) .
Both CD and fluorescence measurements showed that replacing the negatively charged glutamate residue at the 'f' position with either the positively charged lysine or non-charged serine on position 'f' in K did not significantly alter the peptide ability to form a coiled coil. Hence, we consider the electrostatic interaction as the only difference in the following liposome fusion studies.
Lipopeptide mediated liposome fusion study 3.2.1 Lipopeptide synthesis
The lipopeptides were synthesized as previously reported.
[15] The lipopeptides were cleavaged from the resin as precipitation by using a cocktail of TFA, DCM, phenol and TIS (70:22.5:5:2.5% v/v), and further purified by high performance liquid chromatography (HPLC) using a C18 reversed-phase column (See Table 6 and supplemental information Figures S3) for quality of lipopeptides).
CD spectroscopy of lipopeptides in liposomes
The peptides (including analogues) DOPE-PEG tethered to liposomal membranes were studied at a concentration of 1 mol%. The spectra are shown in Figure 4 . Compared to the spectra shown above for the acetylated peptides in PBS solution, the spectra of the lipopeptides should be analysed with even more caution because of the unknown effects of peptide-membrane interactions on the shape of the spectra as well as the broadening of the lines due to light scattering due to the presence of peptides tethered both at the inner and outer leaflets of vesicular membranes with the size of 200 nm, that may lead to different interference at low wave lengths of the CD spectrum. This might be the reason for the observation of too small line widths and shifts of the minima around 208 nm shown in the spectra of LPK, LPK S and LPK K .
The spectra of LPK/LPE pairs shown in Figure 4B are more informative. Compared to the observations for peptides in solution the spectra of membrane bound LPK/ LPE pairs shows a small red shift for the minimum at 222 nm of 2 nm. This might be due to a different dielectric of the membrane environment relative to that of acetylated E/K peptides in aqueous buffered solutions [42] [43] [44] . But this red shift is not shown for the analogue K S and K K peptides probably due to slightly different environments. Furthermore, the spectrum of LPK/LPE in liposomes revealed a [ɵ] 225 /[ɵ] 208 ratio larger than 1, indicating the 
Mw-T (g mol-1)
Mw-E (g mol-1) K'
Ac-(KIAALKE)3-GW-CONH2
2563.6 2564.15
2437.59 2438.04
2560.59 2561.33
E' Ac-(EIAALEK)3-GY-CONH2
2543.61 2543.94 a All the peptides primary structures present from N to C terminus. [22, 45] . This circular dichroism study indicates that changes of the charge at the 'f' position in K influences the peptide behaviour at the liposomal membrane, possibly indicating another role of individual K and E peptides during the fusion.
Liposome fusion studies
Dynamic light scattering
The effect of charge at the 'f' position of K on the rate of membrane fusion was studied with dynamic light scattering (DLS) and lipid and content mixing assays as well. DLS data shown in supplemental information Figure S7 indicate a 7 fold hydrodynamic diameter increase observed at 30 minutes after mixing LPK/ LPE decorated liposomes. Within this time period we did not observe any difference for native and analogue membrane tethered peptides. After 30 minutes the increase in the hydrodynamic diameter deviates. However, at these diameters DLS becomes less reliable and therefore it is difficult to draw any conclusions on the size increase in this time range. Furthermore, it is important to note that DLS cannot distinguish liposome content mixing events. It can be concluded that the studied lipopeptide pairs are able to at least induce docking behaviour of liposomes.
Lipid mixing experiment
The rate of lipid mixing was determined by a standard FRET assay. LPK molecules bound to fluorophore labelled liposomes (denoted as LPK-L F ) contained both the donor dye nitrobenzofuran (NBD) and the acceptor dye lissamine rhodamine (LR) attached to the membrane, while LPE modified liposomes were not labelled with fluorescent dyes. These liposomes were stable with time and did not show any membrane fusion for at least 60 min (See supporting information Figure S9 -S10). Upon equimolar mixing of LPK-L F liposomes with LPE liposomes, an immediate increase in the NBD emission was observed as a result of a decreased FRET efficiency due to the increase in the average distance between NBD and LR. This is due to lipid mixing between LPK-L F -and LPE liposomes. Figure  5A shows that in all three experiments full lipid mixing (i.e. 100%) was achieved within 60 min. However, fusion between LPK K -L F -and LPE liposomes showed the highest initial lipid mixing rate. Also fusion between LPK S -L F with LPE liposomes resulted in a higher lipid mixing rate as compared to the fusion induced by the original LPK and LPE-peptides. Thus, varying the charge in K at the 'f' position resulted in differences in the initial lipid mixing rate, albeit these became smaller at longer time scales.
Liposome content mixing experiment
Next, a liposome fusion content mixing assay was performed, which revealed a more pronounced difference between the three pairs of membrane tethered peptides (i.e. LPK/LPE, LPK S /LPE, LPK K /LPE). In this experiment, LPE modified liposomes were loaded with sulphorhodamine B at a self-quenching concentration of 20 mM, yielding LPE-L RD liposomes, while LPK (including its derivatives) modified liposomes did not contain dyes in the aqueous interior. Upon mixing of the liposomes, fusion resulted in the transfer of content transfer with a concomitant dilution of the rhodamine dye, thereby alleviating the self-quenching and a subsequent increase in fluorescence intensity ( Figure 5B ). Remarkably, significant differences in content mixing were observed as a function of the differently charged peptides used. Within 100 min, fusion between LPE -L RD liposomes and LPK K -liposomes yielded 95% of content mixing, which is significantly higher as compared to the original peptide design (i.e. LPK/LPE modified liposomes has 45% content mixing) Using LPK S /LPE-L RD modified liposomes with a neutral charge at the 'f' position also gave an increased fusion efficiency, but less pronounced when compared to the LPKk/LPE-LRD liposomes. (See supporting information Figures S9 and S10 for DLS data.). Control spectra showed the absence of any leakage of the vesicles during fusion (supplemental information Figures S9 and S10.
Discussion
Both CD and fluorescence measurements showed that replacing the negatively charged glutamate by either neutral serine or cationic lysine residues does not significantly alter the peptide ability to form an E/K coiled coils. But lipid mixing and content mixing assays showed more efficient liposome-liposome fusion resulting in almost quantitative content mixing for the lysine mutated analogue (LPK K ) in conjunction with LPE. The important role of the lysine residues at the α-helical 'f' positions, replacing the anionic glutamates, on the efficiency of fusion was a big surprise, since in the original design of fusion promoting peptides the negative charges were assumed to be important for coiled coil formation by decreasing the total charge and to increase the solubility of the peptides [22] . In the present study, however, we did not encountered any problems with the solubility of coiled-coil complexes and free peptides.
It is generally anticipated that the first step in membrane fusion, triggered by DOPE-anchored peptides, is a vesicle docking due to the formation of one or more E/K coiled-coil complexes to bring the two vesicles in close proximity. Previously reported MD experiments, however, showed that monomeric K molecules binds to the membrane while E molecules remain water exposed. The positive curvature of the membrane near the peptide binding site of the amphipathic helical K-peptides would lead to a further reduction of the intermembrane distance and promotes the destabilization of the membrane by a lack of cholesterol. These local membrane perturbations would also initiate the protrusion of lipid acyl chains. However, little is known about the role of LPE at the key step to further destabilize the opposing membranes to enable fusing and finally leading to mixing the contents of the fused liposomes. In more recent work, peptide E was proposed to act as an intermediate handle to form an intermediate coiled-coil by reducing the undesired membrane interaction of the K peptide to further decrease the distance of the two membranes at the critical prefusion state [49] .
In the present study we showed that knowledge about electrostatic interactions between coiled-coil forming peptides is essential for a better understanding of fusion. Remarkably, the K K analogue was found almost doubling the efficiency of fusion, probably due to the improved interaction between the membrane tethered K K and E molecules leading to halving the average distance between the two different membranes. Although more spectroscopic investigations are needed, the present results represent new insight about the important role of electrostatic interactions between fusogenic peptides and lipids.
Conclusion
Membrane fusion, mediated by membrane tethered lipopeptides LPK/LPE, was investigated by mutating the negatively charged glutamate at position 'f' of the helical K-molecule to the non-charged amino acid serine and the positively charged lysine, respectively. It was shown that the ability to form a coiled-coil was not influenced by these mutations. However, after mixing the LPK K decorated liposomes with LPE decorated ones, the system triggers significant improvement of lipid mixing and almost reaches 100% of content mixing, thereby doubling the efficiency of fusion in comparison with the original LPK/LPE system. The LPK S /LPE system showed a rather weaker fusion than LPK K /LPE, but still exhibits more fusion than the native system. The present results support recently reported MD simulation data about the topology of a membrane bound amphipathic K-helix, thereby also confirming the earlier proposed snorkelling mechanism for the lysine residues located at the 'e' and 'g' positions of the helical wheel and the solvent exposed glutamates at the 'f'-positions. The latter finding implicates the anionic character of the membrane bound K-peptide that would be otherwise cationic, seriously hampering coiled coil formation with anionic E-peptide. Thus, serious evidences reported here show that electrostatic molecular recognition between membrane bound cationic K K and the handle-like floating E is one of the most important key factors significantly improving the efficiency of fusion. Finally, the finding of the extremely active two-component peptide system may help to develop a better full fusion drug delivery system.
